Ultralow-threshold coherent light emitters can be achieved through lasing from exciton-polariton condensates, but this generally requires sophisticated device structures and cryogenic temperatures. Polaritonic nanolasers operating at room temperature lie on the crucial path of related research, not only for the exploration of polariton physics at the nanoscale but also for potential applications in quantum information systems, all-optical logic gates, and ultralow-threshold lasers. However, at present, progress toward room temperature polariton nanolasers has been limited by the thermal instability of excitons and the inherently low quality factors of nanocavities. Here, we demonstrate room temperature polaritonic nanolasers by designing wide-gap semiconductor heterostructure nanocavities to produce thermally stable excitons coupled with nanocavity photons. The resulting mixed states of exciton polaritons with Rabi frequencies of approximately 370 meV enable persistent polariton lasing up to room temperature, facilitating the realization of miniaturized and integrated polariton systems.
INTRODUCTION
Lasing from exciton-polariton condensates in solid-state systems is distinguished from conventional lasing by the exhibition of lowthreshold polariton lasing with macroscopic and spontaneous coherence (1) (2) (3) (4) (5) . Strong coupling between excitons and photons is crucial for the formation of the bosonic quasiparticles known as exciton polaritons, which is generally achieved by means of two-dimensional (2D) semiconductor quantum wells (QWs) embedded in high-finesse optical microcavities (1, 4, 5) . Despite the design of elaborate structures to obtain high-quality excitons and cavity photons, polariton lasing has mostly been observed at cryogenic temperatures due to the small binding energies (~10 meV) of Wannier-Mott excitons in typical semiconductors (4, 5) . With wide-gap semiconductors of larger exciton binding energies such as GaN (~20 meV) and ZnO (~60 meV), room temperature polariton lasing has been recently achieved under both optical and electrical injections (6) (7) (8) (9) (10) (11) (12) . Moreover, organic (13) and polymer (14) materials have also shown polariton condensation and lasing at room temperature owing to the large binding energy (~1 eV) of Frenkel excitons.
In particular, ZnO is a promising semiconducting material to realize room temperature polariton devices due to the large exciton binding energy exceeding the thermal energy. High-quality ZnO coupled with planar microcavities has been studied to demonstrate strong coupling and room temperature polariton lasers (8, 10) . Single-crystalline ZnO microwires, which support whispering gallery cavity modes with a high quality factor, have shown polariton lasing even at higher temperatures than room temperature (11) . Moreover, a 1D polariton superlattice has been realized using the ZnO microwire laying on a grating structure, providing an engineered polariton state (12) .
The coupling strength between excitons and cavity photons scales as W e ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð f =V m Þ p , where W is the Rabi frequency, f is the oscillator strength of the excitons, and V m is the mode volume of the cavities (3) . Semiconducting nanostructures such as nanorods simultaneously produce excitons and cavity photons with reduced mode volumes, boosting their interaction time and, thus, the coupling strength. Size-tunable and enhanced coupling strengths have been observed in semiconductor nanowire cavities, enabling strong coupling without high-finesse microcavities (15, 16) . The development of room temperature polaritonic nanolasers, however, is still limited by the thermal instability of the excitons and the inherently low quality factors of the nanocavities (17) . A recent theoretical study has revealed that the lasing in nanocavities such as ZnO nanowires does not originate from exciton polaritons, but from electron-hole plasma at room temperature (18) . In this regard, QW heterostructures integrated on the nanocavity may pave the way to achieve room temperature polariton lasing by enhancing the oscillator strength and thermal stability of the excitons beyond the bulk properties.
Here, we demonstrate room temperature polaritonic nanolasers of simple nanorod geometry by designing wide-gap semiconductor QW heterostructure nanocavities, each composed of a nanorod core enclosed by a radial QW shell. The radial QWs grown on the nonpolar plane (hexagonal facets) are free from quantum-confined Stark effect, leading to enhanced oscillator strength and exciton binding energy (19, 20) . Spectroscopic measurements reveal that the oscillator strength and thermal stability are greatly enhanced for the radial QW excitons compared with the bulk excitons. Thus, the radial QW structure enables strong coupling with photons confined in a small-mode-volume (0.1 mm 3 ) nanocavity, giving rise to Rabi frequencies of~370 meV at room temperature. Our unique approach exploits these quantum heterostructure nanocavities to enable persistent polariton lasing up to room temperature. Furthermore, a double threshold behavior well below and above the Mott density, observed in quantum heterostructure nanocavities, evidences the transition from polariton to photon lasing regimes.
RESULTS

Quantum heterostructure nanocavity
The quantum heterostructure nanocavity used in this study consists of a ZnO nanorod core and a multi-QW shell with five pairs of a 4-nm-thick ZnO QW layer and a 10-nm-thick Zn 0.9 Mg 0.1 O barrier layer, as shown schematically in Fig. 1A . The radial QW structure is grown on an array of ZnO cores by means of metal-organic chemical vapor deposition (MOCVD) (see Materials and Methods). Figure 1B presents a scanning electron microscopy (SEM) image of an as-grown QW nanorod array, with an average rod diameter of~600 nm and a rod length of~2.7 mm, which belongs to a waveguide structure to support Fabry-Pérot cavity modes along the axial direction over the emission wavelength range of ZnO QWs. The conformal growth of single-crystalline radial QWs is confirmed by radial cross-sectional scanning transmission electron microscopy (STEM) images (Fig. 1, C and D) , which show the five-period QW and barrier layers. Note that the QW nanorod depicted in Fig. 1 (C and D) was encapsulated with an additional ZnO layer to obtain highcontrast STEM images of the QW region. Structural analysis via axial cross-sectional energy-dispersive x-ray spectroscopy, as shown in Fig.  1E , further confirms the highly conformal growth of the QW layers.
To investigate the exciton properties of the QW nanorods, spatially resolved micro-photoluminescence (PL) measurements were performed on single QW nanorods transferred onto an SiO 2 /Si substrate. Figure 1F presents the exciton luminescence spectrum of a single ZnO QW nanorod in comparison with that of a bare ZnO nanorod (without QWs), where each spectrum was measured at the center of the nanorod under continuous-wave 325-nm laser excitation with a low pump power density of 0.67 kW/cm 2 at room temperature. Compared with the bare nanorod, which exhibits an emission peak at~3.26 eV with a full width at half maximum (FWHM) of 88 meV, the QW nanorod shows an exciton emission intensity that is much stronger and peaks at~3.32 eV with an FWHM of 58 meV. The observed PL peak (~3.26 eV) for the bare nanorod corresponds to the first longitudinal optical (LO) phonon replica of free A exciton (3.306 eV) due to strong exciton-LO phonon coupling in the bulk ZnO (21) . However, the PL peak (~3.32 eV) for the QW nanorod is primarily dominated by zero-phonon excitonic emission because the coupling between the exciton and LO phonon is greatly reduced in QW structures (22, 23) . This results in the quantum confinement energy of~14 meV, which is further confirmed in lowtemperature reflectance measurements at 5 K (section S1) and also consistent with the theoretical calculations (24) . Reflectance measurements also identified the enhanced oscillator strength in the radial QWs by a factor of 2 for A and B excitons compared with that of bulk (section S1). The observed blueshift, enhanced intensity, and reduced broadening of the exciton emission peak from the QW nanorod originate from quantum confinement effects (24, 25) , indicating that the radial QW structure provides thermally stable excitons with an enhanced oscillator strength even at room temperature (section S1).
Exciton-polariton dispersion
The formation of exciton polaritons and their coupling strengths in waveguide geometries can be analyzed by measuring the waveguided PL at one end of a nanorod when the other end of the nanorod is excited with a focused laser spot (see Materials and Methods). Note that a low level of excitation (0.67 kW/cm 2 ) was used to create an exciton density (8.8 × 10 16 cm
) well below the Mott density (1.5 × 10 18 cm
) because above the Mott density, the excitons dissociate into an electron-hole plasma (17, 18) . Strong coupling between the excitons and cavity photons in a QW nanorod gives rise to coupled eigenstates consisting of upper and lower polariton branches with a vacuum Rabi frequency (W) (26) , which is the frequency of the oscillation between the exciton and photon states. Figure 2A presents the PL spectra at room temperature, measured at the end and the body (center) of a QW nanorod with a diameter of 640 nm and a length of 2.75 mm. The body emission is dominated by a Lorentzian-shaped single peak centered at~3.32 eV, which is attributed to the emission from QW excitons. In contrast, the end emission is composed of the weak shoulder peak at~3.32 eV on the higher-energy side and the strong emission at~3.20 eV on the lower-energy side. The weak shoulder peak of the end emission, which corresponds to the body emission peak, results from the detection of uncoupled-exciton emission due to the short distance between the excitation and detection spots. The strong emission centered at~3.20 eV on the lower-energy side is assigned to the emission from the lower polariton branch. The strong and broad emission from the lower polariton branch reveals clear multiple resonance peaks, resulting from the eigenmodes of the exciton polaritons, which are composite quasiparticles consisting of the QW excitons and the Fabry-Pérot cavity photons in the QW nanorod. From the resonance peaks, the cavity Q-factor is estimated to be~150. By fitting the measured resonance peaks to the theoretical model for 1D exciton-polariton waveguide modes, the energymomentum (E-k z ) dispersion of the exciton polaritons along the long axis of the ZnO QW nanorod can be obtained (16, 27) . Figure 2B presents the E-k z dispersion of the exciton polaritons for a ZnO QW nanorod with a diameter of 640 nm and a length of 2.75 mm. Note that the data points represent measured resonance energies with equidistant momenta at integer values of p/L z , where L z is the length of the nanorod. To determine the dominant cavity modes that are valid for the observed exciton-polariton eigenmodes, we numerically calculated the electromagnetic fields in the nanorod cavity using a finite-difference time domain method (section S2). The calculated results indicate that the dominant cavity modes in the QW nanorod are HE 22 and HE 13 . Then, the E-k z relation was calculated using the theoretical model for 1D exciton-polariton waveguide dispersion (section S3). The experimentally measured resonance energies with equidistant momenta at the interval of p/L z were fitted to the calculated E-k z polariton dispersion by a parallel shift of the data points in the momentum axis. Note that the initial values of the equidistant momenta can be roughly estimated by simulating the field distribution of the Fabry-Pérot cavity mode since k z = np/L z , 
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where n is the number of antinodes along the z axis (section S2). The oscillator strength was also adjusted as a fit parameter. Last, an excellent fit was obtained with the enhanced oscillator strength of the QW excitons by a factor of 2 compared with the bulk excitons when the QW excitons are coupled to the HE 22 cavity mode (inset of Fig. 2B) . The E-k z dispersion of the exciton polaritons for the ZnO QW nanorod confirms the strong coupling with a Rabi splitting energy (ℏW) of~370 meV.
Such a large Rabi splitting energy (ℏW) in the QW nanorods results from the enhanced oscillator strength of QW excitons and the reduced mode volume of nanocavity (3). In section S1, the reflectance measurements show that the longitudinal-transverse splitting (ℏw LT ) for the QW excitons is about 24 meV, indicating that the oscillator strength ( f ≈ 2w LT w T ) of the QW excitons is enhanced by a factor of 2, compared with that of the bulk A and B excitons (28, 29) . Taking into account the enhanced oscillator strength, the mode volume (0.1 mm ), and the spatial overlap (0.23) between the field and the QWs (16, 19, 30) , the Rabi splitting energy (ℏW) was calculated to be about 374 meV, which is in excellent agreement with the value obtained from the polariton dispersion (section S4).
Room temperature lasing characteristics
To investigate the lasing characteristics of ZnO QW nanorods at room temperature, micro-PL measurements were conducted for individual QW nanorods under 355 nm pulsed excitation at various pump fluences (see Materials and Methods). Figure 3A shows an SEM image of a single ZnO QW nanorod transferred onto an SiO 2 /Si substrate. Figure 3 (B to E) presents optical images showing a transition from spontaneous to coherent emission with increasing pump fluence. Above the lasing threshold, the typical interference patterns associated with longitudinal Fabry-Pérot cavity modes are observed from the QW nanorod (31) . The interference pattern results from the coherent light emission from the two end facets of the nanorod, at which the light is emitted nearly spherically due to diffraction at the nanoscale apertures (31) . This coherence in light emission is further evidenced by angleresolved emission spectra showing the phase-correlated interference patterns (32) , resembling Young's double-slit experiments, where the coherent light emitted from the two end facets of the nanorod interferes with each other (section S5). Figure 3F presents the micro-PL spectra of the ZnO QW nanorod at room temperature. At a pump fluence of 286 mJ/cm 2 , an abrupt increase in emission intensity is observed at the lasing peak energy of 3.225 eV, whereas broad spontaneous emission is observed below the lasing threshold. A remarkable feature is that the single-mode lasing near the threshold has an extremely narrow linewidth of 0.7 meV even at room temperature. Figure 3G shows the spectral map of the lasing behavior as a function of the pump fluence. A gradual blueshift of the single-mode lasing peak is observed with increasing pump fluence at the range below the Mott density (<810 mJ/cm 
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
which results from the repulsive interactions between the polariton and the uncondensed exciton reservoir, and also between the polaritons (33) . As the pump fluence is further increased above the Mott density (>810 mJ/cm 2 ), the system enters a weak coupling regime, and another lasing peak centered at~3.195 eV emerges on the lower-energy side, which can be explained by the shift of gain regime, and relevant mode change to the lower energy side due to the bandgap renormalization at this higher level of excitation (34) . With the gradual transition from excitons to electron-hole plasma, the additional blueshift of lasing peak occurs because of the reduction of exciton binding energy and change of refractive index (34) . Figure 3H compares the lasing spectra at low (360 mJ/cm 2 ) and high (2272 mJ/cm 2 ) pump fluences, showing a marked change in the lasing mechanism as the pump fluence increases.
Polariton lasing essentially requires excitons to be strongly coupled with photons under above-threshold excitation. However, as the excitation increases, the exciton density also increases, and Coulomb screening reduces the binding energy of the excitons, causing the system to eventually enter the regime of an uncorrelated electron-hole plasma. The crucial density criterion separating the excitonic and electron-hole plasma regimes is the Mott density, where the experimentally measured value in bulk ZnO is 1.5 × 10 18 cm −3 at room temperature (18, 35) . For an ideal 2D QW, the exciton Bohr radius is decreased to half of that of the equivalent 3D exciton (36), leading to higher Mott density for the 2D excitons. However, for the ZnO QWs used in this study, the Mott density would be slightly larger or similar with the value for bulk ZnO because the thickness of QW (4 nm) is larger than the exciton Bohr radius of bulk ZnO (~1.8 nm) (17) . The Mott densities in realistic GaN and GaAs QWs are almost the same with those of the bulk counterparts (37) (38) (39) (40) . Thus, the Mott density of bulk ZnO is used for both the QW and bare nanorods to qualitatively compare their lasing characteristics.
Polariton lasing characteristics of QW nanocavities
To verify that the observed lasing action is due to the coherence of the exciton polaritons in the ZnO QW nanorods, we investigated the lasing characteristics with increasing electron-hole pair (EHP) densities by varying the excitation fluence. Figure 4A shows a double-logarithmic plot of the integrated intensity as a function of the incident pump fluence at room temperature, and the results confirm the clear threshold behavior of the lasing phenomenon. Notably, the ZnO QW nanorods exhibit a lasing threshold of 286 mJ/cm 2 , which is much lower than the critical transition excitation of 810 mJ/cm 2 corresponding to the Mott density. Above the lasing threshold, the polariton dispersion is still maintained with a Rabi splitting energy (ℏW) of~360 meV, indicating the polariton lasing occurs in a strong coupling regime (section S6). Moreover, the QW nanorods show the behavior characteristic of a second threshold above the critical excitation corresponding to the Mott density, where a transition from polariton to photon lasing occurs. This second threshold behavior evidences the transition from strong to weak coupling regime with the onset of photon lasing, as observed in GaAs-based low-dimensional microcavities (41, 42) . Together with the observed blueshift of the lasing peak (Fig. 3G) , the second threshold behavior strongly supports that the lasing observed in the ZnO QW nanorods originates from strong coupling of the exciton polaritons. The double threshold behavior for the QW nanorods was observed reproducibly, as provided in the statistical data (section S7).
The same plot for bare ZnO nanorods is also displayed for comparison. A stark contrast can be seen from the fact that the lasing threshold of the bare ZnO nanorods appears at an excitation (905 mJ/cm 2 ) that is above the critical value corresponding to the Mott density, meaning that the lasing in the bare nanorods is photon lasing from the electronhole plasma (section S8). Statistics on the lasing threshold for the bare nanorods are also provided in section S7. Figure 4B presents a doublelogarithmic plot of the linewidth versus pump fluence. For both the QW and bare nanorods, the lasing linewidths are well below the linewidth associated with the calculated quality factor (<500) for the photonic cavity modes in the nanorod geometry. An important distinction is that for the QW nanorods, the sharp linewidth is maintained until the Mott density is reached, and the linewidth then gradually increases as the system enters the photon lasing regime, whereas for the bare nanorods, a simple increase is seen in the linewidth of the lasing peak due to the change in the refractive index associated with the electron-hole plasma (43) . To further investigate the lasing behavior in relation to excitation, we measured the EHP density at the threshold, as obtained from the measured threshold pump fluence, in the temperature range from 77 to 297 K. Note that the threshold EHP density per QW was estimated using the net absorption in the QW structure calculated via transfer matrix methods (section S9). Figure 4C plots the threshold EHP density as a function of temperature for both the QW nanorods and the bare nanorods. For the QW nanorods, the threshold EHP density is as low as 4. . By contrast, the bare nanorods show a much more rapid increase in the threshold EHP density with increasing temperature; the threshold density eventually exceeds the Mott density above 257 K and reaches a value of 3.2 × 10 18 cm −3 at room temperature. Figure 4D presents the temperature-dependent evolution of the lasing mode for the QW nanorods. The data show the gradual redshift of a given lasing mode with increasing temperature due to the temperature-induced shift of the exciton energy (yellow dashed line). In addition, the successive mode change is observed over the wide temperature range of 77 to 297 K, resulting from the discrete and narrow distribution of polariton eigenmodes in the QW nanorods. Note that the mode spacing of polaritons is much smaller than that of the cavity photons (white dotted line) due to the avoided crossing of the exciton and photon dispersions. The lasing mode change is closely correlated with the relaxation and population mechanisms of the exciton polaritons. The energy separation between the lasing mode and the exciton resonance corresponds to the LO phonon energy of~72 meV (17) , implying that the population of the polariton eigenmodes is dominated by LO phonon relaxation from the exciton reservoir (44) . By contrast, the lasing mode of the bare nanorods appears near or above the exciton resonance energy in the temperature range of 267 to 297 K as a result of the photon lasing in the electron-hole plasma regime (section S10). These results highlight the crucial role of quantum heterostructures in the realization of room temperature polariton lasing in single nanostructures.
DISCUSSION
We have successfully demonstrated room temperature exciton polariton lasing in quantum heterostructure nanocavities. By virtue of the thermal stability, enhanced oscillator strength, and strong coupling with cavity photons of the QW excitons, such a quantum heterostructure nanocavity shows persistent exciton polariton lasing up to room temperature. The polariton lasing is confirmed with large Rabi splitting energies in 1D exciton polariton dispersion relations. The double threshold behavior well below and above the Mott density, observed in the quantum heterostructure nanocavities, evidences the transition from polariton to photon lasing regimes. Our demonstration opens up the possibility of studying various intriguing polaritonic phenomena in nanoscale systems and enables the realization of efficient nanolasers, all-optical logic gates, and quantum computing devices operating at room temperature.
MATERIALS AND METHODS
Device fabrication
Quantum heterostructure nanocavities were fabricated via a two-step growth procedure. First, ZnO nanorod arrays were synthesized using a patterned nanohole photoresist mask on ZnO (200 nm)/sapphire substrates by means of a hydrothermal method using an aqueous solution of equimolar zinc nitrate hydrate and hexamethylene-tetramine. Then, five pairs of ZnMgO/ZnO layers were grown on the core ZnO nanorods using a shower head-type MOCVD reactor equipped with computercontrolled gas flow systems. Diethylzinc (DEZn), bis(cyclopentadienyl) magnesium (CP 2 Mg), and O 2 gas were used as sources of Zn, Mg, and O, respectively. Ar was used as the carrier gas. Zn 0.9 Mg 0.1 O was grown at 810°C and a CP 2 Mg-to-DEZn flow ratio of 0.2. The growth conditions for high-quality QW structures were optimized by controlling the (DEZn + CP 2 Mg)/O 2 ratio.
Optical measurements
The as-grown nanocavities were dry transferred onto 400-nm-thick SiO 2 -coated Si substrates for optical measurements performed using a home-built microscope equipped with objectives (Nikon). The excitation power was adjusted using neutral density filters. For spatially resolved micro-PL spectroscopy, a continuous-wave 325-nm He-Cd laser (Kimmon Koha) was focused by an objective [60×, 0.7 numerical aperture (NA)] to a beam spot size of~3 mm with a power density range of 0.67 to 2.2 kW/cm 2 , corresponding to an estimated excited EHP density of 8. . PL spectra were collected using the same objective and an optical fiber on the focal image plane, resulting in a spatial resolution of less than 300 nm. The signal collected by the optical fiber was coupled to a 0.5-m spectrometer (Acton) and a cooled charge-coupled device (Pixis 2K, Princeton Instruments) with a spectral resolution of 0.1 nm. The lasing characteristics of the nanocavities were examined using the same optical setup but with excitation by a pulsedwave 355-nm laser (Teem Photonics) with a repetition rate of 1 kHz and a pulse width of 350 ps, which was focused by a 20×, 0.45 NA objective to a beam spot size of~14 mm. Temperature-dependent measurements were conducted using a liquid nitrogen-cooled cryostat (Janis Research).
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